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During the past decade, a significant amount of work has been performed 
in the development of new optical devices designed to provide functions such as 
switching, modulation, phase conjugation, and bistability which are important in 
optical data processing applications. Glasses are very attractive materials for these 
devices because of their low cost and ease of fabrication compared to single crystals, 
and because they provide the opportunity for developing monolithic devices within 
systems based on fiber-optic transmission. Laser-induced refractive-index changes 
have been observed in several types of glasses [1, 2, 3, 4, 5] and used to produce 
holographic storage, narrow-band filters, optical switching, and phase conjugation. 
In most cases, the physical mechanism producing the photorefractive change has 
not been explained. 
Statement of the Problem 
In order to create new optical devices which operate on the basis of re-
fractive index changes in glasses the physical mechanisms responsible for these 
changes need to be understood. One spectroscopic technique for investigating the 
laser-induced change in the refractive index is four-wave-mixing (FWM)[6] which 
produces a laser-induced grating (LIG) in the material. The physical processes un-
derlying the LI Gs that give rise to FWM signals are of significant importance to the 
development of new optical devices and in understanding laser-induced damage. 
The purpose of this thesis is to present new results of measurements performed on 
superimposed transient and permanent gratings in rare earth-doped glasses and 
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describe the mechanism responsible for the formation of these gratings. The type 
of glasses investigated in this thesis include common silicate and phosphate glasses 
which can be made into fibers, and thus the LIG devices can be used in fiber optic 
systems. It is also the purpose of this thesis to demonstrate potential applications 
of permanent LIGs in these glasses by creating some simple optical devices. 
Outline of Thesis 
In the next chapter a brief discussion of LIGs and the experimental pro-
cedure employed to produce LIGs in rare earth-doped glasses is presented along 
with a brief review of what has been accomplished previously. The results obtained 
from new experiments are separated into two sections, those related to the rare 
earth ion, and those related to the glass host. 
In the section pertaining to the rare earth ion the first results presented 
are those obtained from a Pr3+ -doped silicate glass. These results are discussed in 
terms of a empirical two-level system model. The results of fluorescence measure-
ments performed on the Pr3+ -doped silicate glass and an Er3+ -doped silicate glass 
are presented next. These results are used to explain the inability to produce per-
manent LIGs in some of the glasses. To further investigate these results thermal 
lensing measurements are performed on Eu3+ and N d3+ -doped phosphate ·glasses. 
The final part of this section contains additional experiments which investigate the 
affect of write beam polarization and wavelength on the formation of permanent 
LI Gs. 
In the section on the glass host the results of investigating numerous hosts 
doped with Eu3+ are presented. Several of these glasses are then examined through 
Raman scattering. These results are discussed in terms of the various structures of 
the hosts. The final results reported in this section are concerned with the affect of 
the network modifier ions on the permanent LIG. The intensity and temperature 
dependence of the permanent LIG is measured as a function of the mass of the 
network modifier ion. 
3 
The next section in Chapter II uses a two-level system model to derive 
an equation for the permanent LIG signal intensity. This equation is fit to the 
experimental results obtained in the previous section and quantitative values are 
obtained for the parameters of the two-level system model. These parameters are 
compared with experimental results and related to the physical structure of the 
glass sample .. 
Chapter III discusses potential applications of LI Gs in optical devices. Sev-
eral experiments are performed which demonstrate the feasability of using these 
glasses for the development of new devices. These include: measuring the long-
term .stability of the permanent LIG and discussing its applications to information 
storage, demultiplexing multifrequency laser beams to demonstrate applications 
such as frequency selective filters, and modulating the permanent LIG signal in-
tensity to produce beam-to-beam information transfer. 
Chapter IV summarizes the results of this thesis and presents suggestions 
for future work. 
CHAPTER II 
PROPERTIES OF LASER-INDUCED GRATINGS 
Introduction 
FWM processes are currently of significant interest in science an·d tech-
nology owing to their importance in modern optics applications such as phase 
conjugation and because they provide a powerful spectroscopic too.I for probing 
the properties of the interaction of light arid matter. The physical processes un-
derlying the LIGs that give rise to FWM signals can be placed into two categories 
according to their decay times after the laser write beams have been turned off. 
The first is that of transient gratings with fast decay times, and the second is that 
of permanent gratings (also referred to as holographic gratings), which remain for 
a long time after the laser write beams have been turned off. The change in the 
refractive index associated with a LIG can be due to a number of physical processes 
[7]. These include the nonlinear susceptibility of bound electrons or free electrons, 
thermal changes in the refractive index, density fluctuations, charge relocation, 
and the difference in the susceptibility of ions in an excited state compared to the 
ground state. This last type of LIG is called a population grating since the density 
of ions in the excited state varies spatially in the form of a sine wave. 
In 1986 we reported the first observations of FWM signals in Eu3+-doped 
glasses which displayed a transient component associated with a Eu3+ population 
grating and a permanent component associated with a holographic grating [8, 
9]. The purpose of this chapter is to report the results of new research in this 
area which provides additional information relevant to the understanding of the 
mechanism responsible for producing the permanent LIG. 
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Figure 1. Time Evolution of the Build-Up, Transient Decay, and Erasure 
of LIG Signals in a Eu3+-doped Glass. 
6 
temperature by scattering from a LIG in a Eu3+ -doped glass, however this behavior 
is typical of LIG signals in other rare earth-doped glasses although the time scale 
may change. The laser write beams are tuned to resonance with a transition to 
a highly excited state of the rare earth ion. The signal immediately appears at 
a relatively low intensity and then slowly builds up to its maximum level. In the 
Eu3+ -doped sample this build-up took several minutes. When the write beams 
are turned off, the signal beam decays rapidly but not to zero. It levels off at a 
relatively high intensity and remains there permanently. If the two write beams are 
turned back on, the signal will rapidly return to its maximum value. If the sample 
temperature is raised, the grating will be thermally erased and the signal will decay 
to zero. If the sample is exposed to a single laser beam tuned to resonance with the 
same absorption transition used to write the grating, the grating will be optically 
erased and the signal will decay to zero. In the Eu3+ -doped sample the erasure 
times are again of the order of several minutes. 
The general signal characteristics described above are consistent with pro-
ducing two superimposed gratings, one transient grating and one permanent grat-
ing. The transient LIG is responsible for the fast components of the signals initial 
buildup and initial decay. It has the characteristics of a population grating associ-
ated with the difference in the complex refractive index of the material when the 
rare earth ions are in the metastable state versus the ground state. The response 
times for writing and erasing this grating are associated with the pumping and 
decay rates of the metastable state of the rare earth ion. The permanent LIG is 
responsible for the long-lived signal. It has the characteristics of a grating associ-
ated with a local structural phase transition. The properties of the permanent LIG 
are discussed further in a later section. They indicate that the radiationless relax-
ation processes occurring in the laser excited rare earth ion produce enough local 
heating to cause the structural phase transition which results in a local change in 
the refractive index. 
Population gratings have been observed in several rare earth-doped glasses 
[7, 8, 9, 10, 11] and theoretically should be observable for all trivalent rare earth ions 
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if the metastable state lifetime is long enough and the ion density high enough. 
Attempts to produce permanent LIGs have been less successful in these glasses 
indicating the importance of having both ions and hosts with very specific types 
of physical properties. 
Seven different types of oxide and fluoride glasses doped with Eu3+ were 
studied previously [8, 9]; three of these exhibited permanent LIGs (europium pen-
taphosphate, lithium phosphate, and sodium silicate) and four did not (lithium 
silicate, lithium borate, lithium germanate, and zirconium fluoride). An empiri-
cal model was suggested to explain the origin of these gratings based on having 
a local glass structure at the site of the Eu3+ ions which allows each electronic 
state to be described by a double-minima potential curve. It is assumed in this 
model that the refractive index of the material is different, depending on which 
potential minimum is occupied by the Eu3+ ions. It is further assumed that the 
heat generated through radiationless relaxation of the excited Eu3+ ions can cause 
the local structure to change so that the ions move from one potential minimum 
to the other. 
The model described above is consistent with the results reported previ-
ously, but further work is required to better understand the physical processes 
involved. The work reported in this chapter extends previous investigations by 
looking at different types of glass hosts, different rare earth ions and different exci-
tation wavelengths. In. the last section of this chapter the two-level system model 
is developed quantitatively and its predictions are discussed in terms of the FWM 
signal intensity. 
Experimental Procedures 
The experimental configuration used to produce LIGs in rare earth-doped 
glasses is displayed in Fig. 2. The output of a cw Ar+ ion laser tuned in resonance 
with an absorption transition of the rare earth ion dopant is split into two beams 
and crossed inside the sample at an angle 208 as defined in Fig. 3. These two beams 












Figure 3. Write Session Parameters. 
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out here that the subscripts S and A refer to angles measured in the sample and air 
respectively, and for all calculations laser wavelengths are corrected for the index 
of refraction. The laser is operated in the Gaussian mode and the path lengths 
of the write beams are maintained equal to within the coherence length of the 
laser. When the two coherent Gaussian beams cross inside the sample a sinusoidal 
interference pattern will be created. This light intensity pattern interacts with 
the optical properties of the sample altering its refractive index. This results in a 
spatially modulated refractive index in the form of a sine wave. For the experiments 
performed here the spacing between the peaks of the modulated refractive index 
is the same as the spacing between the peaks of the light interference pattern. 
To calculate the spacing between the peaks of the light interference pattern 







Eu exp i(k1. r - wit) 
Eu exp i(k2 . r - w2t). 
(1) 
(2) 
In the region where these beams cross the total electric field will be the vector 
sum of the original two beams. The light intensity in this region is given by the 
absolute square of the total electric field which in this case is given by 
(3) 
Thus the intensity of the light in the overlap region is found to be 
(4) 
The wavevector associated with the light intensity pattern is called the grating 
wavevector, ka, and is given by ka = k1 - k2 • This is displayed graphically in 
Fig. 4. With a coordinate system as defined in Fig. 4 the intensity component 
of interest is that in the z direction, thus setting x=y=O the intensity along the z 
axis 1s 






Figure 4. Wavevectors for Grating Formation. 
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where k1z and k2z are the z-components of k1 and k2 , respectively. The magnitude 
of these components are given by 
k2 sin es 
(6) 
(7) 
where k1 and k2 are the magnitudes of k1 and k2 , respectively, and 8s is half the 
write beam crossing angle as defined in Fig. 3. When these are substituted into 
Eq. 5 the intensity in the z-direction becomes 
1(0, 0, z, t) cxl Eo 12 {2 + 2 cos [z(k1 sin8s + k2 sin 8s) - (w1 - w2)t]}. (8) 
For identical write beams, which are present in these experiments, k1 = k2 = k 
and w1 = w2 , which gives the intensity along the z-axis as 
1(0, 0, z, t) cxl Eo 12 {2 + 2 cos(2kz sin 8s)}. (9) 
Thus it is seen that the intensity along the z-axis displays a constant background 
with a sinusoidally varying component superimposed on top of it. For the purpose 
of the experiments performed here only the sinusoidal component is of interest. 
Looking at just this sinusoidal component it is seen that. the intensity will vary 
between a minimum and a maximum as z goes from 0 to 27rn/2k sin es. Therefore, 
the LIG will display a grating wavelength of 
Aa = 27rn/2k sin 8s. (10) 
The magnitude of the wavevector k is 271" / .\w so that the wavelength, or spacing 
between fringes, of the LIG is 
Aa = n.\w 
2sin es (11) 
The LIG is probed by a beam from a He-Ne laser, called the probe beam, 
with wavelength Ap which makes an angle cI>s with the perpendicular to the sample 
surface as shown in Fig. 5. The spatially modulated refractive index appears as a 
diffraction grating to the probe beam and a portion of the He-Ne beam is diffracted 
------






by this grating. To obtain the maximum signal intensity from the diffracted beam, 
the He-Ne beam is aligned with respect to the LIG to fulfill the Bragg scattering 
condition 
n.Xp = 2Aa sin 0 B (12) 
where 0 B is the Bragg angle. 
The portion of the probe beam diffracted by the LIG is called the signal 
beam and is detected by a photomultiplier tube. A monochromator or cut-off 
filters are used to minimize stray scattered light and sample fluorescence and the 
signal is recorded on a strip chart recorder. To study the transient response of the 
signal, a chopper is used to turn the write beams on and off while a boxcar averager 
is used to process the signal before sending it to the recorder. A pulse generator 
is used to control the chopper and trigger the boxcar averager. To determine the 
absolute intensity of the signal beam a calibrated power meter is used. 
A number of experimental parameters can be varied in characterizing the 
properties of the LIGs. The wavelength of the laser write beams can be changed 
and in some cases a tunable dye laser is pumped by the argon laser to obtain a 
broader tuning range. A variable neutral density filter is used in front of the laser 
to measure the affect of the power of the laser write beams. By changing the 
crossing angle of the write beams the spacing of the LIG can be changed according 
to Eq. 11. The sample is placed in either a cryogenic refrigerator or a furnace to 
control the temperature. To study the optical erasure of the LIGs, a single beam 
from the argon laser is used as an erase beam. 
The major parameters of interest in characterizing the LIGs are the maxi-
mum scattering efficiency, the writing and erasure times, the power needed to write 
the LIG, the temperature dependence of the LIG, and the long-term stability of 
the gratings at ambient. temperature. 
The experimental setup used for thermal lensing measurements is shown in 
Fig. 6. The excitation source is a Spectra-Physics Model 164 argon laser. Several 
different output lines can be chosen so that the experiments can be performed 
either in resonance or out of resonance with an electronic transition of the rare 
BS 
HeNe laeer 
Argon laear Pulse 








Figure 6. Experimental Setup for Measuring Laser-Induced Changes 
in the Refractive Index. 
l.j 
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earth ions. The 4658 A line is used to excite resonantly the 7F0- 5D2 transition 
of Eu3+ in the EP glass (composition to be given later). The 5145 A line is used 
for off-resonance excitation of the EP glass and for resonance excitation of the 
419; 2- 2G9; 2 transition of the Nd3+ in the NP glass (composition to be given later). 
The 4880 A line is used for off-resonance excitation of the NP glass. An electronic 
shutter is used to switch the laser beams on and off, and their power is varied 
through the laser power supply and neutral density filters. A 10-mW He-Ne laser 
is used as a probe beam to detect changes in the index of refraction induced by the 
excitation beam. The weak beam at this wavelength does not cause a perturbation 
of the refractive index. 
For thermal lensing studies, the excitation and probe beams are collinear 
and focused inside the sampl~ with a 76.2-mm focal length lens. The transmitted 
excitation beam is filtered out, and the intensity at the center of the probe beam 
is detected through a pinhole by a Hamamatsu R1547 photomultiplier tube. The 
signal is processed by an EG&G/PAR signal averager and read out on a strip-chart 
recorder. 
Properties of the Active Ions 
To determine the role played by the rare earth ion dopant in the formation 
of the permanent LIGs experiments were conducted on glass samples doped with 
Eu3+, Pr3+, N d3+, and Er3+. Of these four samples permanent LI Gs were seen 
only in those doped with Eu3+ and Pr3+. The characteristics of the permanent 
LIG in Eu3+-doped glasses were described previously [8, 9, 13]. The properties of 
the LIG in the Pr3+ -doped sample have just recently been investigated and are 
listed below [11]. 
The characteristics of the LIG in a Pr3+ -doped silicate glass (70 Si02, 15 
Na20, 5 ZnO, 5 BaO, and 5 Pr20 3 in mol %) were investigated as functions of the 
laser power and write beam crossing angle. The same qualitative behavior as seen 
in the Eu3+ -doped glasses was observed. When the Pr3+ sample was illuminated 
by the write beams tuned to resonance with the 3Hc3 P0 absorption transition a 
17 
small signal was observed immediately, followed by a gradual build-up of signal 
intensity. The time required to reach the maximum LIG signal intensity is of the 
order of tens of seconds with the exact time depending on the laser power. If the 
laser write beams are not tuned in resonance with a Pr3+ absorption transition, no 
signal is observed. This demonstrates the significant enhancement of the nonlinear 
optical properties of the material which can be realized by resonantly pumping 
a rare earth ion absorption transition. When the write beams are blocked the 
LIG signal intensity initially decreased, not back to the baseline but rather to a 
value of approximately sixty percent of the maximum LIG signal where it remains 
indefinitely. This permanent signal can be erased by illuminating the grating with 
a single laser beam tuned to resonance with the same Pr3+ absorption transition 
used to write the grating. The erase time is of the order of tens of seconds with 
the exact time depending on laser power. As in the case of the Eu3+ sample this 
permanent signal can also be erased thermally. 
Figure 7 displays the normalized intensity of the permanent and transient 
LIG signal as a function of the total write beam crossing angle, 20 A. The numerical 
values for the experimental points are listed in Table I. It is seen that both the 
transient and permanent signals display the strongest intensity at the smallest write 
beam crossing angle which corresponds to the largest value of grating spacing. As 
the write beam crossing angle is increased, and the grating spacing decreases, 
the intensities of both the permanent and the transient signals decrease. This is 
typical behavior for FWM signals with the exact form depending on the coupling 
mechanism for the beams [14]. 
The build-up and erase times of the permanent LIG are displayed in Figs. 
8 and 9. The values for the experimental points are listed in Table II. The scatter 
in the experimental values for the build-up and erase times suggests that there is no 
correlation between these times and the write beam crossing angle, however, more 
data needs to be acquired and analyzed before any definite conclusions are made. 
One thing to note though is that the build-up and erase times in the Pr3+ -doped 
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Figure 7. LIG Signal Intensity as a Function of Write Beam Crossing 
Angle 20 A in Pr3+ Sample. 
TABLE I 
LIG SIGNAL INTENSITY AS A FUNCTION 
OF WRITE BEAM CROSSING ANGLE 
20 A IN Pr3+ SAMPLE 
Intensity 



































































Figure 8. Build-Up Time of the Permanent LIG Signal as a Function of the 






















Figure 9. Erase Time of the Permanent LIG Signal as a Function of the 
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scales were of the order of tens of minutes. This seems reasonable if the lifetimes 
of the excited states are considered as the source of this discrepancy. The lifetime 
of the 1 D2 metastable state in Pr3+ is roughly 100 times smaller than that of the 
5D0 metastable state in Eu3+. Thus the Pr3+ ions will go through approximately 
100 more cycles of being excited and relaxing to every one cycle for the Eu3+ 
ion. This will produce more phonons per unit time in the Pr3+ sample and will 
enhance the build-up and erase times. If the build-up time for the Pr3+ sample 
is taken to be 10 seconds and that for the Eu3+ sample to be 10 minutes, then 
a factor of 60 exists for the difference. in the build-up times which is of the same 
order of magnitude as the difference in metastable lifetimes. Caution must be 
taken however in relying too heavily on this explanation as many other factors are 
involved in the formation and erasure of permanent 1..IGs including the availability 
of the proper phonon modes. 
These LIG signal intensity an·d build-up and erase times were also mea-
sured for different values of the total power of the laser write beams. Figure 10 
displays the normalized intensity of the permanent and transient signals as a fuc-
tion of the laser power and the numerical values are listed in Table III. As in 
the case of the Eu3+ -doped samples the transient signal intensity varies linearly 
with laser power and the permanent signal displays a quadratic behavior up to 
approximately 200 mW where saturation occurs. For superimposed transient and 
permanent gratings the FWM signal intensity is given by [8, 9] 
(13) 
where 6.nT and 6.np are the changes in the index of refraction due to the tran-
sient and permanent gratings, respectively, and 1/r is the fluorescence decay rate. 
Equation 13 predicts that the intensity of the transient component of the FWM 
signal varies linearly with laser power and that the intensity of the permanent com-
ponent varies quadratically with laser power. This is precisely what is observed in 
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Figure 10. LIG Signal Intensity as a Function of the Total Laser Write 
Beam Power in Pr3+ Sample. 
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place after the permanent signal had reached its maximum value. Thus the mea-
sured variation of the transient grating signal intensity may be associated with the 
presence of a strong permanent grating. The observed saturation in the permanent 
signal shows that there is a limit to the structural modification of the glass. 
The build-up and erase times of the permanent grating as a function of 
laser write beam power are displayed in Figs. 11 and 12 and the numerical values 
are given in Table IV. It is seen that as the laser power is increased both the 
erase time and the build-up time decrease. The erase time decreases linearly as 
the laser power is increased but the build-up time decreases almost exponentially 
with increasing laser power. However, the general trend in both cases of decreasing 
times with increasing power is consistent with the model proposed previously. 
The final measurement performed on the Pr3+ sample was to measure 
the temperature dependence of the permanent LIG. It was found that the signal 
displayed an arrhenius type of behavior with a measured activation energy of 2.825 
x103 cm-1 . This is comparable to that seen in Eu3+-doped glasses which are 
reported below. 
The fact that permanent LIGs were seen only in samples doped with Eu3+ 
and Pr3+ can be attributed to the differences in the radiationless decay processes 
of these ions. It is well known that radiationless decay processes in rare earth 
ions take place by the emission of the appropriate number of the highest energy 
phonons available in the host material needed to cross the energy gap between the 
initial and final states [15]. ·(The term "phonon" is not technically correct for the 
vibrational modes of a glass. However, here the use of the term "phonon" will refer 
to any vibrational mode including local modes.) 
Figure 13 displays the partial energy level diagrams for Eu3+, Pr3+, N d3+, 
and Er3+. In forming the permanent LIG in the Pr3+ -doped glass sample the Pr3+ 
is excited from the 3H4 ground state to the 3P0 excited state. Figure 14 displays 
the room temperature fluorescence of the Pr3+ -doped glass sample after excitation 
by the 4880 A line of the argon laser. This corresponds to exciting the Pr3+ ion 
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Figure 14. Room Temperature Fluorescence of the Pr3+-Doped Glass Sample 
after Excitation into the 3P 0 Excited State. 
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large peak at 645 nm which corresponds to the 3P0- 3F 2 radiative transition and 
two other peaks, one at 520 nm and another at 730 nm, which also correspond 
to radiative transitions for the 3 P0 level. Thus a large amount of the relaxation 
occurs radiatively without the emission of any phonons. However, there is a broad 
shoulder at 610 nm which corresponds to the 1 D2- 3 H4 transition and another at 
710 nm which corresponds to the 1D2- 3H5 radiative transition. This shows there is 
some nonradiative relaxation taking place between the 3P0 level and the 1D2 level 
which results in phonons with energies of the order of 1000 cm-1 being emitted 
and will produce the structural modification needed to form the permanent LIG. 
The same corresponding behavior is observed in a Eu3+ -doped silicate glass 
sample (70 Si02 , 15 Na20, 5 ZnO, 5 BaO, 5 Eu20 3 in mol %). Upon excitation 
from the 7F 0 ground state to the 5D2 excited state the Eu3+ ion relaxes radiatively 
back to the 7F ground state manifold, however, there is a significant amount of 
fluorescence occurring from the 5D0 level. This establishes the presence of high 
energy phonons which are produced from nonradiative relaxation from the 5DJ 
levels above 5D0 and allows for the formation of the permanent LIG. 
In the case of the Nd3+-doped glass sample (NdP50 14) the Nd3+ ion is 
excited from the 41912 ground state to the 4G912 excited state. Relaxation occurs 
through the emission of phonons, however in t~e N d3+ ion the energy levels are 
much closer than in the Eu3+ or Pr3+ ions. Thus when the N d3+ ion relaxes the 
phonons emitted are of much lower energy than those from Eu3+ or Pr3+ and as a 
result no permanent LIG is formed. 
The final sample which is a silicate glass doped with Er3+ ( 70 Si02 , 15 
Na20, 5 ZnO, 5 BaO, 5 Er20 3 in mol %) is an interesting case. In Fig. 13 it 
is seen that ·overall the spacing between the energy levels is much greater than 
in Nd3+ but not quite as large as in Eu3+ or Pr3+. Write beam wavelengths of 
4880 A and 5145 A which correspond to absorption transitions of the Er3+ ion 
from the 411512 ground state to the 4F712 and 2H1112 excited state, respectively, 
were utilized in an attempt to create a permanent LIG in this sample. Under 
both excitation conditions no grating was observed. The explanation for this is 
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found in the fluorescence spectrum of the Er3+ sample obtained using the 4880 A 
wavelength as the excitation source and is displayed in Fig. 15. Two large peaks 
are observed around 540 nm which corresponds to a radiative transition from the 
2H1112 and 48312 excited states to the 411512 ground state. This shows that the Er3+ 
ion relaxes nonradiatively from the 4F712 level down to the 2H1112 and 48312 levels 
by the emission of phonons before relaxing radiatively to the ground state. These 
phonons have small energies, comparable to those in the Nd3+ sample, which are 
insufficient to create the changes necessary to produce a permanent LIG. Notice 
there is a broad peak at 630 nm which corresponds to a radiative transition from the 
4 F 912 excited state to the ground state. For the Er3+ ions to relax nonradiatively 
from the 48312 level to the 4F912 level they must cross an energy gap comparable 
to those seen in the Eu3+ and Pr3+ samples which suggests the existence of high 
energy phonons. However, from the size of the fluorescence peak it appears that 
there are very few of these phonons available for the formation of the permanent 
LIG. 
Thus it is found that even though the same total heat energy is generated 
in each of the four samples, it is associated with very different types of vibrational 
modes. To demonstrate the effects of different types of vibrational modes, thermal 
lensing measurements were conducted [16]. Phosphate glasses containing either 
Eu3+ (EuP50 14), which will be referred to as EP, or Nd3+ (NdP50 14), which will 
be referred to as NP, along with one Nd3+-doped silicate glass, which will be 
referred to as ED2, were studied. 
The spatial pattern of the transmitted probe beam was observed on a 
screen for different experimental conditions. At low excitation power the results 
were qualitatively similar for all three materials with each excitation wavelength . 
With the samples placed just before the beam waist of the probe beam, the trans-
mitted probe beam profile was expanded when the excitation beam was turned on. 
With the samples placed just after the probe beam waist, the transmitted probe 
. beam profile contracted when the excitation beam was turned on. These observa-
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Figure 15. Room Temperature Fluorescence of the Er3+-Doped Glass Sample 
after Excitation into the 4F712 Excited State. 
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The magnitude of the change in the beam profile depends on the wavelength and 
power of the excitation beam as well as on the exact position of the sample relative 
to the beam waist of the probe beam. Figure 16 displays qualitatively the probe 
beam profile as the power of the excitation beam is increased for the NP glass. The 
wavelength of the excitation beam is 5145 A .. At relatively low excitation beam 
power the probe beam profile is a solid circle which expands as the excitation beam 
power is increased. Around an excitation beam power of 275 mW the probe beam 
profile begins to take the shape of a doughnut. This doughnut shape persists up 
to the maximum excitation beam power investigated of 530 mW. This type of be-
havior was also observed in the EP glass. In contrast, Fig. 17 displays the results 
of the same experiment performed on the N d3+ -doped ED2 silicate sample. Again 
with an excitation beam wavelength of 5145 A at low powers the probe beam pro-
file is that of a solid circle. The solid circle expands as the excitation beam power 
is increased as in the case of the phosphate glass, however, at approximately 370 
mW the solid circle begins to split into two solid circles one above the other. This 
process continues as the excitation beam power is increased until at 1250 mW the 
probe beam profile has broken into two separate solid circles. The difference in 
probe beam profiles for the phosphate and silicate glasses is under investigation at 
this time. 
The temporal variation of the observed changes in the probe beam pattern 
provides useful information for understanding the mechanism of the laser-induced 
refractive index change. A typical time evolution of the intensity in the center 
of the transmitted probe beam after turning on the excitation beam is shown in 
Fig. 18. For the NP sample, tens of milliseconds are required for the signal to 
reach equilibrium after the excitation laser is turned on, and a slightly longer time 
is required for the signal to decay to its initial level after the excitation)aser is 
turned off. These results apply to both on- and off-resonance excitation. Similar 
results are obtained for off-resonance excitation of the EP sample. However, for 
resonance excitation of the 7F0- 5D2 transition of the Eu3+ in the EP sample, an 
additional effect is observed. After turning on the excitation beam, the signal keeps 
• 
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Figure 16. Spatial Profile of Transmitted Probe 
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Figure 17. Spatial Profile of Transmitted 
Probe Beam as a Function 
of Excitation Beam Power 
in ED2 Silicate Glass. 
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decreasing for several minutes as shown in Fig. 19. When the excitation beam is 
turned off again, the signal does not return to its original level. This characteristic 
shows the creation of a permanent change in the refractive index and disappears 
when the sample is heated to temperatures above approximately 380 K. 
The results just described are useful in understanding the properties of 
laser-induced refractive index changes in this type of material. The refractive in-
dex change can be associated with several types of physical mechanisms such as 
thermal lensing {17, 18], electrostriction [18], the Kerr effect [18], and resonant 
self-focusing [19]. The last three mechanisms are directly related to the atomic 
properties of the sample and have response times on the order of nanoseconds 
or less. The first mechanism is related to the microstructure of the sample and 
has a much slower response time. The general characteristics and response times 
observed in these experiments indicate that thermal lensing is the mechanism dom-
inating the laser-induced refractive index· changes in these samples. The results 
of previous experiments based on damage threshold measurements involving much 
higher laser powers indicated that the Kerr effect was more important than thermal 
lensing under these conditions [18]. The results here show that thermal lensing is 
predominant in these absorbing glasses at medium power levels (104-106 W cm-2). 
Thermal lensing is a well-known phenomenon in liquids and gases [20] and 
has been used to investigate different spectroscopic properties of weakly absorbing 
media [21, 22]. An expression for the focal length of a thermal lens has been 
derived previously using the assumption of Gaussian-beam profiles [17, 22]. The 
heat generated at a radius r is proportional to the square of the electric field at 
this position: 
Q(r) = PAexp(-2r2 /w2 ) (14) 
where P is the power in the incident excitation beam, A is the absorbance of the 
sample at the wavelength of the excitation beam, and w is the excitation-beam 
radius inside the sample. The temperature rise at this position at time t for one 
unit heat source at radial position r' is 
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Figure 19. Time Evolution of the Intensity at the Center of the Transmitted 
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where 10 is a modified Bessel function, k is the thermal conductivity (in units of 
cal cm-1 sec-1 0 c-1 ), and D is the thermal diffusivity (in units of cm2 sec-1 ). The 
latter is given by 
(16) 
where p is the density and Cp is the specific heat. The rise in the temperature at 
position r and time t is then 
~T(r,t) = 1o~1ot Q(r')G(r,r',t)dr'dt. (17) 
This temperature rise produces a change in the refractive index given by 
n(r, t) = n0 + (dn/dt)~T(r, t). (18) 
Near the axis, the temperature profile can be approximated by a parabola. This 
parabolic variation of the refractive index is equivalent to a thin lens. The corre-
sponding focal length is given by 
F(t) = /(a)[l + (tc/2t)] (19) 
where 
J(at1 = 0.553PA/[(11"kw2 )(dn/dT)] (20) 
and 
tc = w 2/4D. (21) 
Depending on the sign of dn/ dt, the thermal lens will be either positive or negative. 
The thermal lens is usually negative for liquids and gasses and is usually positive 
in glasses [18], consistent with the results reported above. 
The relative change in the intensity at the center of the transmitted probe 
beam can be determined from ray analysis by using transfer matrices and by as-





In Eq. 23 F 1 is the focal length of the focusing lens, di is the distance between 
the focusing lens and the sample , and d2 is the distance between the sample and 
the screen. The parameter 0 is a dimensionless collection of variables and can be 
viewed as characterizing the strength of the thermal lens. 
A computer fit of Eq. 22 to the experimental data can be obtained by 
treating e and tc as adjustable parameters. An example of this type of fitting is 
shown in Fig. 20. Excellent agreement is obtained between theory and experimen-
tal results, and the values obtained for the adjustable parameters under different 
experimental conditions are listed in Table V. The nonresonant thermal lensing is 
due to the absorption from the network of the glass host, in these samples mainly 
the 0 2- ions. In this case, the time behavior is governed by the thermal properties 
of the bulk sample, namely the heat-diffusion coefficient. The observed difference 
in the time constant tc between the two samples reflects a difference in the thermal 
diffusivities of the materials. It is not totally surprising to observe a different ther-
mal behavior for the two samples since Nd3+ and Eu3+ have somewhat different 
physical and chemical properties. In addition, when these two compounds are in 
the crystalline form they have different crystal structures, which implies that the 
short-range structure in the two glasses may be different. 
For resonant e~citation of the rare earth ions, the heat is generated through 
radiationless relaxation processes that produce local vibrational modes that then 
' 
transfer their energy to the phonon modes of the glass network. The time constant 
of the thermal lensing is then governed both by the interaction between the rare 
earth ions and the phonons and by the propagation of the phonons. The difference 
in the mechanisms of generating the phonons is responsible for the difference in 
the thermal lensing time constant for resonant and nonresonant excitation. This 
difference is greater in the NP sample than in the EP sample. The N d3+ ions 
will relax from the 2G912 to the 4F312 metastable state cascading between closely 
spaced intermediate electronic levels by the successive emission of several differ-
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Sample (nm) (W) A 
tc 0 /PA 
e (msec) (w-1 ) 
EP 465.8 0.02 0.161 0.1078 
514.5 1. 70 0.098 0.0781 
NP 514.5 0.06 0.236 0.2840 







emission of a few high-energy phonons [15). These two different types of radiation-
less relaxation channels result in very different initial distributions of vibrational 
modes, which lead to different thermal lensing time constants. 
From the results listed in Table V, the strengths of the thermal lenses can 
be compared. The absolute strengths cannot be determined because the fluores-
cence efficiencies are unknown. To eliminate the influence of differences in the 
absorbed power, the ratio 0 /PA was worked with, 
(l/k1)(dn/dT)i _ 01P2A2 
(1/k2 )(dn/dT)2 - 02P1A2' 
(24) 
where the subscripts 1 ·and 2 refer to two different samples or experimental condi-
tions. The results show the thermal lensing for the EP sample to be more than 71.5 
times stronger for rescmance excitation than for nonresonance excitation, whereas 
the difference is only about 6.6 for the NP sample. For on-resonance excitation, 
the thermal lensing is about 1. 7 times stronger in EP than in NP, while for off-
resonance excitation thermal lensing is about 6.5 times stronger in NP than in 
EP. 
The same arguments just presented explain that the differences in the 
time constants for thermal lensing can be used to explain the differences in the 
strengths of the thermal lensing. For the nonresonant excitation, the strength 
of the thermal lensing is associated with the change of the polarizability of the 
glass network and mainly the 0 2- ions. The glass network of the NP sample is 
much more sensitive to thermal effects than the EP sample because of the lower 
thermal conductivity. On the other hand, the strength of thermal lensing for the 
resonance excitation is associated with the change of the polarizability around the 
rare earth ions. Eu3+ is more sensitive to thermal effects than N d3+, owing to its 
strong coupling to localized high-energy phonons as observed in Raman scattering 
experiments [8, 9, 16). 
Using Eqs. 20 and 22, the permanent change in the refractive index in-
duced by the thermal lens effect can be calculated. When the excitation beam is 
focused down to about 20 µm, the calculated value is ~n = 1.23 x 10-5 , which 
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is on the same order as that produced in the four-wave mixing experiments with 
similar excitation power in the weakly focused, crossed excitation beams. The sin-
gle focused beam in the sample is approximately the same size as the interfringe 
distance in crossed-beam experiments. This size similarity results in similar inten-
sities and gradients of the electric fields in the two types of experiments, and thus 
similar changes in the refractive index should be expected. 
The Er3+ -doped sample has also exhibited strong thermal lensing implying 
that the onset of thermal lensing inhibits the formation of the permanent LIGs. 
However, the Pr3+ -doped sample displays a slight amount of thermal lensing along 
with a permanent LIGs. This suggests that thermal lensing and permanent LIGs 
formation are competing processes which depend on the energy of the phonons 
being produced through nonradiative relaxation of the rare earth ion dopant. 
To further establish the importance of radiationless relaxation in the ex-
cited state, an attempt was made to produce permanent LIGs by exciting the Eu3+ 
ion directly into the 5D0 level instead of the 5D2 level as was done previously. An 
argon-laser-pumped ring dye laser with R6G was used for these experiments. The 
laser power was set to achieve the same density of excited Eu3+ ions as obtained in 
the previous experiments in which permanent LIGs were formed. Several samples 
were investigated, including the europium pentaphosphate sample which exhibits 
strong permanent LIGs for 5D2 excitation. No permanent LIGs were observed in 
any of the samples for 5D0 excitation. This confirms the importance of having 
radiationless relaxation in the excited state to establish this type of grating. 
To determine the importance of the rare earth ion concentration on the 
formation of the permanent LIGs, samples were obtained whose compositions 
varied only in the Eu3+ concentration. The first samples investigated were two 
Eu3+ -doped metaphosphate samples, one with a composition of 90 mole percent 
La(P03 ) 3 , 10 mole percent Eu20 3 and the other with 50 mole percent La(P03 ) 3 , 
50 mole percent Eu20 3 • These are labeled MPlO and MP50, respectively. 
Permanent LIGs were written in each sample at room temperature and the 
scattering efficiency of the gratings was measured. It was found that the_ permanent 
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LIG signal intensity of the MP50 sample was eight times stronger than that of the 
MPlO sample. This is consistent with the double minima potential well model 
discussed below. 
One other set of samples was investigated along this line, a lithium borate 
glass, LB15, with composition 75 mole percent B20 3, 10 mole percent Li20, and 15 
mole percent Eu20 3. It was possible to establish a permanent LIG in this sample 
whereas in a previously investigated lithium borate sample, LBl, with only 1 mole 
percent Eu20 3 no grating was created. 
Additional experiments were performed on the europium pentaphosphate 
sample which exhibited strong permanent LIGs. For example, the effects of chang-
ing the polarization direction of the probe beam compared to the polarization di-
rections of the write beams were investigated. No dependence of signal intensity 
on the probe beam polarization direction was observed. Also, a phosphate glass 
sample (52.3 P205 , 30.0 LhO, 10.0 Ca20, 4.7 Ah03, 3.0 Eu203 in mol %) was 
investigated which contained approximately the same concentration of europium 
as the lithium phosphate glass studied earlier but which had a mixture of Eu3+ 
and Eu2+ valence states. No permanent LIG was observed in this sample. 
Thus, to create the type of permanent LIG described here, it is necessary 
to have a high concentration of rare earth ions that have a relatively large energy 
gap between excited electronic energy levels and this gap should be crossed by 
radiationless relaxation. 
Properties of the Host Glass 
Table VI lists the compositions of the Eu3+ -doped glasses that have been 
investigated for permanent grating formation. Phosphate, silicate, and borate glass 
hosts are found to produce gratings very efficiently while no gratings have been 
observed in the germanate and fluoride glasses that have been tested thus far. 
All of the samples investigated had dimensions of roughly 2.0 cm wide by 









































































TABLE VI (Continued) 
Sample Network 
Former 
CLAP 36.1 PhF2 
LS5 70.0 Si02 
NS5 70.0 Si02 
KS5 70.0 Si02 
RS5 70.0 Si02 























5.0 EuF3 NO 
5.0 Eu203 YES 
5.0 Eu203 YES 
5.0 Eu203 YES 
5.0 Eu203 YES 
5.0 Eu203 YES 
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This is important in order to minimize surface scattering to ensure accurate values 
in the scattering efficiency measurements. 
One important difference between some of these glasses is the number of 
metastable states. An Eu3+-doped fluoride glass, BZLT( 27 ZnF4 , 19 BaF2 , 26 
LaF3, 27 ThF4 , 1 EuF3 in mole percent) showed a significant amount of fluores-
cence emission from the 5DJ levels above 5D0 • This results in fewer ions relaxing 
nonradiatively from the 5D2 and 5D1 levels to the 5D0 metastable state leading 
to a smaller number of high energy phonons being available for grating formation 
which inhibits the ability to form permanent gratings. 
In contrast, it was found that in a fluorophosphate glass, FP (Schott FK-
54), with 5 mole percent EuF3, it was possible to produce a permanent LIG. This 
suggests that the fluorophosphate glass contains enough of the characteristics of 
the phosphate glasses to allow formation of the permanent grating. 
In order to investigate the vibrational modes involved in the writing of 
permanent gratings of this type, the Raman spectra and resonant Raman spectra 
for glasses which exhibited permanent LIGs with those of glasses in which no 
permanent LIGs could be produced were compared. Typical results are shown in 
Figs. 21-24. An argon laser was used as the source and an Instruments S. A. 
Ramanor U-1000 with computer-controlled data acquisition was used to record the 
spectra. The 5145 A argon-laserline gives the normal Raman spectra shown by 
dashed lines in Figs. 21-24 , while the 4 727 A laser line is close to the 7F 0- 5D2 
Eu3+ transition and therefore produces resonant Raman scattering. The solid lines 
in the figures show the latter type of spectra. 
The disordered structure of glasses causes the network vibrations to have 
a short coherence length compared to the optical wavelength. This causes a break-
down of the wave-vector selection rule which is present for glasses which are directly 
related to the vibrational density of states [23]. In addition, the vibrational modes 
of a glass are more localized than those of a crystal due to the lack of translational 
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Figure 24. Raman Spectra (Dashed Line) and Resonant Raman Spectra 
(Solid Line) of Eu3+-Doped Lithi~m Silicate Glass. 
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symmetry. The Stokes Raman scattering intensity is given by [24] 
where b refers to the different bands, E0 and w0 are the incident electric field and 
frequency, respectively, w is the frequency of the Raman shift, Pb is the vibrational 
density of states for band b, n(w) = [exp(liw/kaT) -1)-1 is the population factor, 
and Cb =I I:1 P1uf(w) 12 is the coupling constant for the b band. Here P1 is the 
electronic polarizability and u1 is the normal displacement coordinate where 1 refers 
to the 3N Cartesian coordinates of the atoms. When w0 is close to an electronic 
transition frequency of Eu3+, the coupling coefficient is dominated by contributions 
of P1uf associated with vibrational modes localized around the Eu3+ ions. 
The Raman spectra for the europium pentaphosphate (EP) and lithium 
phosphate (LP) samples shown in Figs. 21 and 22 both show a high-frequency 
band near 1200 cm-1 which is enhanced in the resonant Raman spectra. This 
indicates that the vibrational mode of the frequency is strongly coupled to the 
Eu3+ ions. Figures 23 and 24 show similar spectra obtained on sodium silicate 
(NS) and lithium silicate (LS) glass. The resonant Raman spectrum of the NS 
glass shows a strong enhancement of a band near 1050 cm-1 . This same band 
appears ip. the spectra of the LS sample, but no significant enhancement occurs 
under resonant excitation conditions. Such high-frequency bands do not appear in 
the Raman spectra of borate and fluorite glasses [25, 26, 27, 28). 
These results show that the formation of permanent LIGs of the type of 
interest here requires a glass host having high-frequency local modes of vibration 
and further requires these modes to be strongly coupled to the Eu3+ ions. This 
enhances the radiationless relaxation processes compared to the radiative processes 
occurring after excitation of the Eu3+ ions, and these produce the local heating 
necessary for causing the structural modification of the host. 
So far the best hosts for establishing these permanent gratings have been 
found to be phosphate glasses. The fundamental skeletal structure of phosphate 
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glasses can be represented by practically infinite chains of interlinked P04 tetrahe-
dra with two of the oxygens shared with neighboring tetrahedra. The vibrational 
band observed around 1200 cm-1 is attributed to stretching vibrations of P02 
lateral groups [29, 30] which involves the two unshared oxygens of the tetrahedra. 
The resonant enhancement of this band shows that the Eu3+ ions are bonded to the 
P02 lateral groups and not to the chains. Thus the Eu3+ enter the glass structure 
as network modifiers. Because of the motional freedom of the lateral group oxygen 
ions, it is not unreasonable to expect different possible equilibrium positions for 
these groups, leading to different local environments for dopant ions such as Eu3+. 
On the other hand, silicate.glasses have fundamental structures which are 
generally better described as a continuously random packed network with Si04 
tetrahedra as the basic unit·[31]. The introduction of alkali-metal ions partly breaks 
down this type of structure. These glasses exhibit a vibrational band near 1100 
cm-1 that is attributed to the bond-stretching vibration of the Si-0 nonbridging 
group [32, 33]. In our sample, the resonantly enhanced band between 1000-1100 
cm-1 can be seen as the superposition of three different bands with frequencies 940, 
1020, and 1100 cm-1. This last band corresponds to the stretching vibration of 
the Si-0 nonbridging group. These vibrational bands are weaker in the LS sample 
due to the weaker activation of this vibrational mode by the Li+ ion as compared 
with the Na+ ions [32]. The Raman spectra suggest that part of the Eu3+ ions 
are bonded with the nonbridging oxygen ions in the NS sample, entering the glass 
structure as network modifiers along with the Na+ ions. As in the pentaphosphate 
glasses, it is not unreasonable to expect different possible equilibrium positions for 
the nonbridging oxygens, leading to different Eu3+ environments. 
The types of suggested structural modifications discussed above are not 
applicable to borate glasses where the structure is more rigid and can be formed by 
various cyclic units depending on the alkali-metal or alkaline-earth-metal content 
of the material [25, 26, 27]. The major vibrational band of borate glasses is around 
805 cm-1 and is associated with the breathing mode of the boroxol rings forming 
the basic structural unit of the glass [25, 26, 27]. The other vibrational bands are 
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at lower frequencies. The structure of the ZrF chased glasses can be described by 
chains of ZrF6 octahedra sharing two oxygens with each of two other octahedra 
[28). This is somewhat similar to the phosphate glass structure except that the 
octahedron are more rigid and exhibit a lower degree of disorder, making it more 
difficult to consider local structural modifications. The major vibrational bands 
of these glasses appear around 500-600 cm-1 and are associated with stretching 
vibrations of the Zr-F non bridging bonds of the Zr F 6 octahedron forming the basic 
structural unit of the glass [28). 
The results described here are consistent with the model proposed previ-
ously for the formation of permanent LI Gs through resonant excitation of Eu3+ ions 
in glasses. The criteria for forming gratings of this type include having a glass struc-
ture which allows different local configurations for the Eu3~ ions through different 
possible equilibrium positions of the surrounding oxygen ions. The mechanism for 
switching between different types of equilibrium positions requires structures with 
high-frequency local vibrational modes such as those associated with structural 
defects (lateral or nonbridging groups) and further requires that the Eu3+ ions 
are strongly coupled to these vibrational modes. It also appears that these modes 
should be uncoupled with the rest of the vibrational modes of the structure so that 
the generation of local heating through radiationless relaxation of the Eu3+ ions 
leads to structural changes instead of becoming thermalized and causing thermal 
lensing. 
To study the affect of the network modifier ions of the host glass on the 
ability to produce permanent LIGs with high scattering efficiencies, five silicate 
glasses were obtained which had identical compositions except for one modifier 
ion. This modifier ion was changed through the series of alkali-metal ions Li, Na, 
K, Rb, and Cs. These are the last five glasses in Table VI and are listed with their 
exact compositions. 
Permanent LI Gs were written in each of the five samples at room tempera-
ture and measurements were made of the scattering efficiencies using a He-Ne laser 
for the read beam. The effective scattering efficiency, which is defined below, was 
58 
found to decrease as the modifier ion was changed from Li-+ Na-+ K-+ Rb-+ Cs 
and the results are shown in Fig. 25 where the experimental values of the effective 
scattering efficiency are given in Table VII and are plotted versus the mass of the 
alkali modifier ion. The solid line represents the best fit to the data using the 
theoretical treatment discussed below. 
The temperature dependence of the scattering intensity was also measured 
in these glasses. It was previously found that the temperature dependence of the 
scattering efficiency in these types of glasses displayed an Arrhenius type behavior 
(26) 
where ~E is the activation energy and k is Boltzma~n's constant. The experi-
mental values are displayed in Fig. 26 and Table VIII where it is seen that the 
alkali-metal glasses display this type of behavior. However, the LS and NS sam-
ples display two different regions of behavior. At high temperature they display a 
larger slope than at low temperatures. Table IX displays the measured activation 
energies where ~EL and ~En refer to these low and high temperature regions. For 
KS, RS, and CS ~EL = ~En. The values found for the activation energies will 
be compared with the results from the two-level system model described below. 
Two-Level System Model 
Permanent changes in the refractive index of a material can be induced· 
by lasers due to several physical processes. However, most of these processes are 
not consistent with the experimental observations described above. The most 
common mechanism is the photorefractive effect which is associated with the pho-
toionization of defects and subsequent trapping of the free electrons. This type of 
mechanism can also lead to spectral hole-burning, however this mechanism is seen 
only at low temperatures and is incompatible with the results reported here. 
The photoionization of defects can cause a change in the refractive index. 
However, the energy level scheme for Eu3+ in these glass hosts is not compatible 
with an ionization transition at the laser wavelength and powers used in these 
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Figure 25. Scattering Efficiency of Silicate Glass Samples as a Function 
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Figure 26. Temperature Dependence of LIG Scattering Intensity 
for Alkali-Metal Glasses. 
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experiments. In addition, the fact that optical erasure occurs only when Eu3+ ions 
are resonantly excited is not consistent with the photoionization mechanism. 
The intensities of the two write beams were also monitored as a function 
of time and no energy transfer between the two beams was observed. These two-
beam mixing results show that the laser-induced grating is in phase with the 
laser interference pattern. This shows that the mechanism causing the grating 
is localized, which is not always true for gratings involving the migration of charge 
earners. 
Another mechanism which can produce a permanent grating is the radia-
tion pressure exerted by an electric gradient field on an electric dipole. However, 
the force exerted on the electric dipole by the electric gradient field was calculated 
to be 1.05 x 10-13 dynes which is much too small to be considered as the source of 
the permanent structural modification seen in the samples. 
Thermal processes can also directly produce refractive index changes and 
laser-induced stress-optic changes including some permanent effects have been seen 
in some rare earth doped glasses [34, 35]. However, these effects occur at higher 
laser powers than those used in our experiments. For the laser powers used in 
these experiments, the thermal properties of the glass hosts produce a local rise 
in the temperature of approximately 3.13 x 10-4 K which is too small to give a 
measurable effect. 
The mechanism which is consistent with the observed results is a change 
in the local structure of the glass caused by the vibrational energy· released during 
the radiationless relaxation of the rare earth ions. The radiationless relaxation 
transitions of rare earth ions in glasses have been shown to be multiphonon emission 
process [15] each of which generates several high energy phonons of the order of 
1000 cm-1 • Since these are generated by the rare earth ions and the thermal 
diffusion in glasses is slow, the phonons are localized thus creating a high level 
of nonthermalized vibrational energy around each ion. This can produce a local 
effective temperature which is extremely high, depending on the energy gap being 
crossed in the relaxation process. For the Eu3+ and Pr3+ ions under the excitation 
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conditions of these experiments, effective local temperatures of several thousand 
degrees Kelvin can be produced. This is easily enough to allow ionic motion 
over short ranges and thus produce a local structural modification of the host 
glass. The energy associated with this local temperature rise is consistent with the . 
measured activation energies for the formation and erasure of permanent gratings. 
In addition, the time scale of several minutes for grating formation and erasure is 
consistent with the time scale for producing structural changes. 
Based on the above discussion, a double minima potential well model was 
proposed to explain the permanent LIGs. In the double minima potential well 
model the network former and network modifier ions of the glass host can arrange 
themselves in two possible configurations in the local environment of the Eu3+ 
ion. Thus these ions or groups of these ions have available to them two mutually 
accessible equilibrium positions and move in a potential of the form shown in Fig. 
27. In this model it is assumed that the index of refraction depends on which 
configuration is present. Thus the total index of refraction of the material will be 
of the form 
(27) 
where Ni(II) is the population of well 1(11) and ni(II) is the index of refraction per 
ion populating the well. When the laser beam is turned on the population of the 
wells will display a time dependence of the form 
dN1(t) 
dt ::;:: -p1N1(t) + p11N11(t) (28) 
dN11(t) 
dt ::;:: p1N1(t) - p11N11(t) (29) 
where Pl{ll) is the jump frequency and is the probability per unit time that the ion 
will have enough energy to jump from well 1(11) to well 11(1). In these experiments 
the system is allowed to reach equilibrium before measurements are taken. Thus 
the population of each well can be taken as constant and Eqs. 28 and 29 give the 
ratio of the populations of the two wells as 
N1(00) P11 




-·----- d --~,, 
Figure 27. Two-Level System Model. 
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where PI(ll) is given by [36] 
PI(ll) = VJ(ll) exp ( - ~~~)) . (31) 
kB is Boltzmanns constant and VJ(ll) is the attack frequency which is the number 
of attempts the ion makes at surmounting the barrier of height EJ(ll)· Equations 
30 and 31 lead to the thermal equilibrium condition 
N1( oo) v11 ( .!le ) 
N11( oo) = -;; exp - kBT (32) 
where ~e = E11 - E1. The equations derived so far are completely general and are 
valid for a single beam or crossed beam experiments. 
For crossed beams the intensity of the LIG signal is given by (37] 
(33) 
where np and nv refer to the index of refraction of the peak and valley regions of 
the LIG with 
np - n1N1p(oo)+n11N11p(oo) 
nv - n1Niv(oo). 
(34) 
(35) 
The p and v subscripts refer to the peak and valley regions of the LIG whereas the 
I and II subscripts refer to the potential well occupied. In arriving at Eq. 35 it is 
assumed that the ions in the valley region of the grating remain in well I for all 
times. These equations lead to the following expression for the LIG signal intensity 
(36) 
where ~n11-1 = nn - n1. By using the thermal equilibrium condition and the 
fact that the total population of the wells must remain constant, the LIG signal 
intensity can be written as 
I oc NJ(O) I ~n11-1 12 
[ 1 + ~ exp ( - k~°T)] 2 
(37) 
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This model can be used to interpret the observed changes in LIG signal 
intensities. For the MP50 sample and the MPlO sample the only difference will be 
in the initial population of configuration I. The ratio of the LIG signal intensities 
will be given by 
(38) 
This ratio of the squares of the initial populations was calculated using the Eu3+ 
concentration and the size of the peak region of the grating and was found to be 
56.33. This number is larger than the measured ratio of 8, however, taking into 
consideration the simplicity of the model which does not include any saturation 
effects which have been seen in power dependen'Ce measurements [8, 9] the model 
does a fairly good job in predicting the relative change in LIG signal intensities 
with a change in Eu3+ concentration. 
This model can also be used to explain the results shown in Fig. 25. Since 
the only component of these glasses which has changed is the alkali-metal ion and 
it is seen that the effective scattering efficiency varies as the mass of this alkali-
metal ion, this alkali-metal ion can be taken as the ion that is moving to provide 
the double equilibrium configuration surrounding the Eu3+ ion. In Eq. 37, N1(0), 
which is the initial population of well I, will depend on the size of the peak or 
valley regions of the LIG. Therefore, the effective scattering efficiency is defined as 
_ . I I .6.nu-1 12 
T/ef f = 2 ( ) CC 2 • 
N1 0 {1 +~exp (--AL)} 
v1 ksT 
(39) 
The attack frequency, VJ(II) is proportional to the mass of the ion in the well and 




where k1(H) is the force constant of well 1(11) and m is the mass of the ion pop-
ulating the well . .6.nII-I is the change in refractive index per ion and is treated 
as an adjustable parameter. The term .6.e which is the difference in the minima 
of the potential wells can be expressed more specifically using the mathematical 
formalism developed to describe a double minima potential well [38]. The details 
are provided in the Appendix. 
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Basis states I <Pi > . and I <P2 > are chosen which are ground states for 
the appropriate single well potentials. These basis states are eigenstates of the 
Hamiltonian of the unperturbed system Ho with eigenvalues Ei and E2 , 
(41) 
Ho I <P2 >= E2 I <P2 > • (42) 
Upon applying a perturbation W which couples I <Pi > and I <P2 > the Hamiltonian 
matrix will become 
(H) = ··( Ei + < <Pi I w I <Pi > 
< <P2 I H I <Pi > 
< <Pi I H I <P2 > ) 
E2 + < <P2 I w I <P2 > 
(43) 
To a good approximation < <Pi I W I <Pi > <: Ei. Defining the zero of energy to 
be midway between Ei and E2 the Hamiltonian matrix will become 
(44) 
where Ao is defined as 
Ao = 2 < <Pi I W I <P2 > · ( 45) 
Ao/2 is the coupling energy and is the difference between the two lowest symmetric 
states. The solution for the coupling energy is derived in a number of quantum 
mechanics text books and is given by [39) 
( 46) 
where 1iw0 is an energy roughly equal to the zero point energy and will vary as 
1 I rm. For this reason we can write 
2mYo 2 
Ao = 1i exp -d ( --y;r) ff [ ll (47) 
where k is the force constant for the initial configuration. 






where 8 is a measure of the mixing of the original eigenstates due to the pertur-
bation. Combining Eqs. 4 7 and 48 gives 
( 49) 
Inserting this into Eq. 39 the effective scattering efficiency becomes 
Equation 50 was fit to the experimental values of the effective scattering 
efficiency with I ~nn-1 12 ' llJI I µ1' nVk/ kBT tan e, and d(2Vo/n2 ) 1/ 2 treated as 
adjustable parameters. The best fit to the data is the solid line plotted in Fig. 25 
where the following values were found for the adjustable parameters: 
I ~nn-1 12 2. 787 x 10-37 
!a.l. 1.329 
V[ (51) 
n.,/k 2.25 x 1010 kBTtane 
d(~) - 2.39 x 10-11 • 
It is seen that as an ion moves from one potential well to the other the index of 
refraction changes by 5.279x 10-19 • The number of ions that accumulate in well 
II is of the order of 1x1016 • This gives a total change in the index of refrac.tion 
of 5.279x 10-3 . This number is of a similar order of magnitude to that found in 
other experiments [16). 
From the ratio of the attack frequencies the relationship between the force 
constants of the individual well can be found. From Eq. 40 it is seen that 
llJI = (k;;_ 
111 v k; (52) 
It is seen that the force constant for well II, kn is 1. 766 times larger than that for 
well I, k1. 
It is also possible to approximate the distance between the two wells, d, 
using the last parameter. From Fig. 27 it is seen that V 0 must be as large as 
~e/2. Taking V 0 to range from 3000 cm-1 for LS5 to 45 cm- 1 for CS5 leads to 
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values of d from .023 A to .189 A respectively. It should be remembered that this 
model has considered only the alkali ion to be the source of the double minima 
potential well. There are realistically many ions involved and the small values for 
d suggest that even though individual ions may move over large distances the net 
affect on the configuration coordinate is minimal in moving between equilibrium 
configurations. 
From the final two adjustable parameters it is possible to calculate D.e for 
each sample using Eq. 49. These values are listed i~ Table X. It is observed 
that as the mass of the network modifier ion increases there is a dramatic change 
in the asymmetry. As this ion becomes heavier the difference in the minima of 
the two wells becomes less, implying that the change in the local environment of 
the Eu3+ ion becomes less pronounced as you go from Li-+Na-+K-+Rb-+Cs. It 
has been reported that in alkali silicate glasses the glass becomes more ordered as 
the radius of the alkali ion increases [41]. This same trend would be expected to 
continue in these glasses and as the glass becomes more ordered there would be less 
opportunity for multiple configurations leading to a smaller asymmetry between 
the two potential wells. 
To compare the values of D.e calculated from the two-level system model 
to the values of D.E found from temperature d~pendent measurements of the scat-
tering intensity a relation between the two must be found. Solving Eq. 32 for 
N IIP and substituting directly into Eq. 36 leads to the following equation for the 
temperature dependence of the LIG signal intensity 
2( ) 2 (v1) 2 (2D.E) I (X N1 oo D.nu-1 vu exp kT . (53) 
Comparing this result with Eq. 26 it is seen the measured value of the activation 
energy D.E is equal to twice the asymmetry of the two-level system model, D.e. 
Table XI displays these values where for simplicity only the value of D.EH has been 
plotted. The agreement between the values is quite good considering the simplicity 
of the model, all values are within an order of magnitude of each other. It should 
also be pointed out at this time that the equation derived for the permanent LIG 
TABLEX 
SUMMARY OF PARAMETERS FROM 
TWO-LEVEL SYSTEM MODEL 
Sample N1(0) N1(00) Nn(oo) 
x 1016 x 1015 x 1016 
LS5 6068.38 1.041 0 1.041 
NS5 1714.43 1.809 .001 1.808 
KS5 838.61 .815 .181 .7969 
RS5 225.84 .718 2.21 .4972 


























signal intensity is applicable to any rare earth ion and only depends on the glass 
host. Therefore, the activation energy from the Pr3+ -doped silicate glass should 
be the same as that in the NS5 sample. It was found that this activation energy 
was 2.825 x 103 cm-1 which is in excellent agreement with the two-level system 
model. 
From Eq. 32 and the fact that the initial population of well I must equal 
the final population of well I and well II it is possible to find the final populations 
of the two wells for each sample. These populations along with the ratio of the 
final population of well II to the initial population of well I are given in Table X. 
This ratio can be interpreted as the relative effectiveness of moving an ion initially 
in well I to well II. It is observed that in LS5, NS5, and KS5 almost one hundred 
percent of the ions are driven into well II. In RS5 and CS5 a majori.ty will end up in 
well II, however it is a much smaller number than in the first three. In the heavier 
alkali glasses it is harder to trap the ions in well II implying that the asymmetry 
is less than in the lighter alkali glasses. 
The inability to produce a LIG in fluoride glasses is also consistent with 
the double-minima potential well model which requires the presence of high energy 
"phonons" to enable the ions to surmount the barrier and hop from well I to 
well II. With the absence of the high energy local mode vibrations produced by 
radiationless relaxation of the Eu3+ ions the ions remain trapped in well I and no 
grating will be produced. 
Summary and Conclusions 
The double minima potential well model used to describe the formation of 
the permanent, LIG agrees well with experimental results. It also provides some 
insight into the physical processes involved in the formation and erasure of these 
gratings. However, caution must be used in the interpretation of the physical 
parameters since a simple model is being used to describe a complex and poorly 
understood physical system. 
76 
The Eu3+ ions play a major role by providing the high energy local mode 
phonons required to produce a structural modification of the glass host. The 
strength of the grating which can be produced is proportional to the concentration 
of Eu3'. ions, however, at high Eu3+ concentrations saturation effects occur. 
The structure of the glass host in the local environment of the Eu3+ ions 
is also important to the formation of the grating. By changing one of the network 
modifier ions variations in the 1IG intensity can be produced. 
As a simple model consider the glass to consist of point masses connected 
by springs. These point masses have available to them two equilibrium configura-
tions which result' from a change in position or a change in the force constants of 
the springs to which they are attached. Independent measurements have shown 
the elastic constants of the glasses to decrease from 185 to CS5 [42). This implies 
that the two equilibrium configurations will be more stable in the lighter alkali 
glasses than in the heavier ones. This will result in a larger value of N l l( oo) /N l( 0) 
in the lighter alkali glasses than in the heavier alkali glasses and is what is observed 
in Table X. 
Stronger elastic constants also suggest there will be less displacement of 
the ions in the lighter alkali glasses. This is exactly what was calculated where it 
was found that d ranged from .023 A for 185 to .189 A for CS5. 
The ball and spring model above which gives a feel for what is happening 
physically agrees quite well with the results of the two-level system model. As 
pointed out earlier though this model is quite simplified and does not take into 
account the rare earth ion involved or saturation effects, thus it should be used 
with these points taken into consideration. 
CHAPTER III 
APPLICATIONS OF LASER-INDUCED GRATINGS 
Introduction 
In the past decade there has been a dramatic increase in interest in optical 
devices resulting from the invention of the laser and the developement of fiber 
optics. Several new devices have been developed including photo-optical switches 
[4], narrow-band-waveguide reflection filters [43], and opto-optical deflectors [44]. 
As the names imply these devices rely on the interaction of light with matter and 
are created by optical interference methods. The exact mechanism responsible for 
the creation of the optical device depends on the material being utilized. 
The materials discussed in the preceeding chapter are excellent candidates 
for the creation of new and useful devices. They can be produced relatively easily 
and at low costs and are easy to integrate into fiber optic systems. The LIGs 
used to produce the devices described below have the added benefit of being stable 
indefinitely at room temperature and are insensitive to broadband light. 
In this chapter novel applications of the LIGs are demonstrated and their 
applicability to specific devices discussed. First, the long-term room temperature 
stability is discussed in terms of holographic imaging. Areas of application include 
information storage and medical imaging. Next, the demultiplexing of multifre-
quency laser beam is investigated and its applicability to superimposing multiple 
gratings in order to create a tunable, frequency selective filter is studied. The 
final application involves utilizing the transient component of the LIG to perform 




The experimental configuration used to form the LIG is essentially the 
same as that reported in Chapter II. For these applications it is important to 
recall that the LIG was produced using the 4658 A line of an argon-ion laser and 
that the power of a single beam was of the order of 70 mW. The only significant 
addition is a mirror, mounted on a translational base which can move parallel to the 
sample, which is placed between the probe laser and the sample. This facilitates 
proper alignment of the probe beam and allows the angle between the probe beam 
and the perpendicular to the sample to be monitored. The probe beam, with a 
wavelength in the sample Ap, is reflected off this mirror and onto the sample at an 
angle ()A from the perpendicular to the sample. <PA is the angle measured in air, 
once inside the sample the angle becomes <Ps which is corrected for the samples 
index of refraction. 
The samples used in these experiments are ordinary phosphate and silicate 
glasses which have been doped with Eu3+ ions. In the holographic storage experi-
ments a phosphate glass, MPlO, was used and in the demultiplexing experiments 
MPlO, and a silicate glass, NS5, were investigated. In the signal modulation exper-
iment the sample was a silicate glass, LS5. The compositions of these samples is 
given in the preceeding chapter. All samples display the same LIG characteristics 
so any of them could have been used for any of the experiments. The laser wave-
length used for writing the gratings is in resonance with an absorption transition 
of the Eu3+ ions. 
Holographic Information Storage 
The time evolution of a LIG is reflected in the intensity of the signal beam 
and for the type of gratings of interest here this time dependence was displayed in 
Fig. 1. It was seen that when the write beams are turned off the grating decays 
with a rate equal to the decay rate of the 5D0 excited state of the Eu3+ ion [45]. 
However, the signal does not return to zero but rather to approximately 60% of 
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its original value implying the formation of a permanent grating. The permanent 
grating can then be erased thermally by heating the sample to temperatures above 
room temperature or it can be erased optically by illuminating the grating with a 
single beam tuned in resonance with the 7F0- 5D2 absorption transition of the Eu3+ 
ion. No grating formation or erasure occurs if the beams are not in resonance with 
the 7F 0- 5D2 absorption transition. 
These results demonstrate that permanent holographic images can be writ-
ten in rare-earth doped phosphate and silicate glasses using this technique. Since 
the mechanism responsible for the formation of the permanent LIG involves struc-
tural changes which are stable at room temperature, these images have an infinite 
fading time. This suggests the use of these glasses in areas such as optical in-
formation processing and medical imaging where there is a need for long-term 
information storage. Even though the response time of the material is too slow for 
real-time processing the long-time room temperature stability makes it important 
for read only applications. This is a significant advantage over many photorefrac-
tive materials whose memory is volatile at room temperature and the image must 
be fixed in order to remain stable [46]. Another advantage is that diffraction ef-
ficiencies as high as 30 % have been observed in these glasses without the use of 
external fields. This occurs with the use of a common argon laser and relatively 
low power. 
Demultiplexing Results 
To investigate the demultiplexing properties of the permanent LIG in these 
types of glasses permanent gratings were written in the MPlO and NS5 glass sam-
ples. The angle between the write beams , WA was measured to be 2.22° in air or, 
with an index of refraction of 1.5 for the glass, 1.48° inside the sample, which is 
defined as 26s. The grating spacing, which is the distance between the fringes of 
the LIG, is designated as Aa. The definition of these parameters is displayed in 
Fig. 3. 
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The permanent LIG was probed with both a helium-neon laser and several 
different lines of an argon-ion laser . The strength of the probe beam was kept 
under 15 mW and out of resonance with the 7F0- 5D2 Eu3+ absorption transition 
to insure no erasure of the permanent LIG. The geometry of the probe portion 
of the experiment is presented in Fig. 5. The alignment of the probe beam for 
maximum scattering efficiency is determined by the probe beam wavelength and 
the wavelength of the permanent LIG. 
To determine the spatial displacement of the signal beam, its intensity 
was measured as a function of the angle of incidence of the probe beam cp A· This 
measurement was performed with probe beam wavelengths in air of 632.8, 514.5, 
501.7, 496.5, 488.0, and 476.5 nm. Figure 28 displays the results for the MPlO 
sample where «PA has been converted to «Ps and for clarity only the results from 
probe beam wavelengths of 632.8 and 514.5 nm are displayed. Table X:II displays 
the results for all the wavelengths. It should be pointed out that the same type 
of behavior was observed for all probe beam wavelengths with a shift in the angle 
for maximum scattering. An identical behavior was seen in the NS5 glass and the 
numerical values are displayed in Table XIII. It is seen that as «P s is varied the 
signal intensity increases from zero to a maximum then decreases back to zero as 
would be expected for Bragg scattering. 
Figure 29 displays the probe beam wavelength in the sample, ..\,, versus 
the angle, «Ps at which maximum signal intensity occurs. As the probe beam 
wavelength decreases, the angle at which maximum signal intensity occurs also 
decreases. This is described by the Bragg scattering Eq. [37] 
n..\,, = 2Ao sin «Po (54) 
where ..\,, is the probe beam wavelength, Ao is the wavelength of the permanent 
LIG grating, and «P0 is the Bragg angle. For the experiments performed here the 
values of «Ps plotted in Fig. 29 may not represent the Bragg angle «P0 • If the fringes 
of the permanent LIG are not perpendicular to the sample surface then «Ps will 
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Figure 28. Intensity of LIG Signal as a Function of the Angle Between 
the Probe Beam and the Perpendicular to the MPlO Sample. 
TABLE XII 
SIGNAL INTENSITY AS A FUNCTION 
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TABLE XII (Continued) 
Intensity ~s 
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TABLE XII (Continued) 
Intensity <I>s 
( arb. units) (rad) 



























TABLE XII (Continued) 
Intensity 


































SIGNAL INTENSITY AS A FUNCTION 
OF PROBE BEAM ANGLE 
FOR LS5 SAMPLE 
Intensity ~s 
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TABLE XIII (Continued) 
Intensity cI>s 
( arb. units) (rad) 
















































Figure 29. Angle in the Sample at Which Maximum Scattering Intensity 
Occurs Versus Probe Beam Wavelength in the MPlO Sample. 
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perpendicular to the sample surface then the Bragg angle will be <I>0 = <I> s - <I>' as 
is displayed in Fig. 30. 
In order to correct for this the Bragg angle <I>0 must be replaced with <I> s 
- <I>'. It is unlikely that <I>' will be known accurately, thus consider the case of two 
probe beams Apt and Ap2 which have two separate Bragg angles <I>ot and <I>02 . Since 
only <I> s is changing <I>' will remain the same for both beams so that 
Apt = 2Aa sin( <I> st - <I>') (55) 
Ap2 = 2Aa sin(<I>s2 - <I>'). (56) 
For small angles sin( <I> s - <I>') = (<I> s - <I>'). Taking the difference between these 
two equations gives 
(57) 
Thus the grating spacing is given by 
(58) 











The slope of the solid line in Fig. 29 was found to be .0214 µm corresponding to 
a grating spacing of 23.364 µm. In order to check this value the grating spacing 
of the sinusoidal light interference pattern was calculated. This is also given by 





where Aw is the write beam wavelength. For a write beam wavelength of .3105 
µm and crossing angle of .0258 radians the wavelength of the sinusoidal interfer-
ence pattern should be 12.022 µm. It is seen that the permanent LIG apparently 
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Figure 30. Definition of Bragg Angle and Other Angles Involved in 
Grating Spacing Calculation. 
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displays a wavelength approximately twice that of the sinusoidal laser interference 
pattern. 
It has been shown that the Eu3+ -doped phosphate glasses exhibit thermal 
lensing [16]. When illuminated with a single beam tuned in resonance with the 
7F0- 5D2 Eu3+ transition a permanent change is produced in the refractive index 
of these glasses. The change in the refractive index is proportional to the change 
in temperature of the glass. This temperature profile can be approximated by 
a parabola, producing an effective thin lens with a positive focal length. In the 
crossed beam configuration each beam will produce its own thermal lens. This will 
result in a new crossing angle, 288 as shown in Fig. 31 and produce a change in 
the wavelength of the laser interference pattern. 
We can predict the change in the crossing angle of the write beams by 
considering the thermal lense to act as an effective positive focal length lens placed 
in the path of each beam. The focal length can be calculated by using a method 
similar to that used in Chapter II. 
In the long time limit the focal length of the effective lens was given by 
7rkw2 on 
f- 8T 
- 0.553PA. (62) 
The par~meters k, A and g;z, are properties of the sample and will be the 
same in both experiments. This leads to a focal length of 
fB = fvPvw~ 
PBWb 
(63) 
where the D subscripts refer to the values quoted in Chapter II and the B subscripts 
refer to the values in this experiment. With WB = .5 mm and PB = .07 W a focal 
length of 38.563 mm is found. From this the change in 8s can be calculated and 
a new value for the wavelength of the laser interference pattern of 24.109 µm is 
calculated. This is in good agreement with the wavelength of the permanent LIG 
found from Eq. 58. 
It is also possible to calculate the tilt angle <I>' shown in Fig. 30. From 





' ' ' ' 
/ 
> 
Figure 31. Definition of Angles Involved in Thermal Lensing Process. 
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and with the small angle approximation, the tilt angle will be given by 
(65) 
For this experiment a tilt angle of 5.860 x 10-3 radians is found. Notice that if ~s 
is measured from a reference other than the perpendicular to the sample, this will 
give the angle between the fringes and the reference. 
The demultiplexing of the various frequencies of laser beams by the perma-
nent LIG demonstrates the ability of using these holographic gratings as frequency 
selective notch filters. The filter can be tuned to different frequencies by rotating 
the sample to different angles. By stacking different holographic gratings in the 
same material several laser beams of different frequencies can be filtered simultane-
ously at the same angle of incidence. The limiting factor to the resolution of such 
a device is the fringe spacing of the permanent LIG and gratings can be formed 
with spacings more than an order of magnitude smaller than that of the grating 
used in these experiments. 
Signal Modulation 
The final experiment performed was to demonstrate amplitude modulation 
of the permanent LIG signal. After writing the permanent LIG as described above 
the write beams were turned on and off randomly. The result was an amplitude 
modulation of the signal beam as shown in Fig. 32. The top portion of the figure 
displays the time dependence of the write beams. The time scale of the experiment 
was approximately two minutes. The middle section depicts the intensity of the 
probe beam. As can be seen the probe beam is stable at a constant amplitude 
before interacting with the permanent LIG. The bottom section of Fig. 32 displays 
the time dependence of the intensity of the signal beam. It is seen that this is a 
superposition of the write beams and the probe beam resulting in an amplitude 
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Figure 32. From Top to Bottom: Write, Probe, and Signal Beam 






The time dependence of the intensity has been discussed previously and is 
given by[9] 
(66) 
where 11 and h represent the transient and permanent contributions to the intensity 
and T is the transient signal decay time. Thus when the write beams are on a total 
signal intensity ofl = 11 + 12 will be measured, however when the write beams are 
turned off the transient signal will decay leaving a total intensity of I = h. 
The rate at which the signal amplitude can be modulated is limited by 
the decay time of the transient component of the signal intensity. The decay time 
of the transient component has been associated with a population grating of the 
Eu3+ ions in the 5D0 metastable state [9]. This limits the amplitude modulation 
by a decay time of 2.7 ms in this sample [47]. 
These results establish that a permanent LIG of this type can be utilized 
to allow one light beam to modulate the intensity of another light beam. This 
provides a means of transferring information from one beam to the other. The 
speed at which information can be transferred will depend on the modulation rate 
which is limited by the lifetime of the metastable state of the rare-earth ion and 
can vary between a kilohertz and a megahertz. 
Summary and Conclusions 
Three potential applications of permanent LIG's have been demonstrated 
in rare earth-doped glasses which have the ability to produce superimposed per-
manent and transient gratings. These include holographic storage, demultiplexing 
multifrequency laser beams, and signal modulation. The permanent LIG's can 
be written at room temperature with low laser power, have exhibited scattering 
efficiencies as high as 30%, and remain stable at room temperature indefinitely. [9] 
These same permanent LI G's have been formed in a Pr3+ -doped silicate 
glass (70 Si02 15 Na20, 5 ZnO, 5 BaO and 5 Pr20 3 mol percent). The transient 
component of the signal in this glass is associated with the relaxation of the 1 D2 
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metastable state which has a lifetime of the order of microseconds. This will pro-
duce an increase of three orders of magnitude in the response time of the transient 
grating compared to the Eu3+ -doped glasses. This will allow for a faster amplitude 
modulation rate of light beams passing through the sample. The response time of 
the permanent holographic grating is still very slow in Pr3+ -doped glasses. 
The above results are important when considering these glasses for po-
tential optical devices. The type of glasses used in this work include common 
silicate glasses which can be made into fibers, and thus these permanent LIG de-
vices can be used in fiber optic systems. A better knowledge of the microscopic 
structural change associated with the permanent LIG in these glasses will allow 
for optimization of these materials for specific applications. 
CHAPTER IV 
SUMMARY AND CON CL US IONS 
Summary of Thesis 
This thesis has reported the results of experiments performed on rare earth-
doped glasses and explained these results in terms of a two-level system model. In 
Chapter II the properties of the laser-induced gratings were discussed in terms of 
the properties of the active ion and the properties of the glass host. The rare earth 
ions Pr3+, Nd3+, Eu3+, and Er3+, were used as dopants in glass hosts and LIG 
signals were observed only in glasses doped with Pr3+ or Eu3+. The characteristics 
of the LIG include a transient component which is associated with a population 
grating and a permanent component which is due to a structural rearrangement 
of the glass host in the local environment of the Pr3+ or Eu3+. This structural 
rearrangement is produced by high energy phonons which are emitted when the 
Pr3+ or Eu3+ ion relaxes to a metastable state after being excited to a higher lying 
excited state. The difference in the time scales between the Pr3+ data and the 
Eu3+ data can be explained by considering the lifetime of the metastable state for 
each ion. For the Pr3+ ion the lifetime of the metastable state is of the order of 
microseconds whereas that of the Eu3+ ion is of the order of milliseconds. Thus 
the process of the ion being excited, relaxing to the metastable state through 
the emission of high energy phonons, then relaxing radiatively to its ground state 
occurs much more rapidly in Pr3+ than in Eu3+. This produces phonons faster in 
the Pr3+ glass and will enhance the build-up or erasure of the permanent LIG. 
The fact that no grating was observed in the Nd3+ or Er3+ samples was 
attributed to the energies of the phonons emitted when these ions relax from an 
excited state. In both cases the energies were much smaller than the energies of 
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the phonons emitted in the Pr3+ and Eu3+ samples. Thermal lensing measure-
ments were performed to investigate the affects of the different vibrational modes. 
It was discovered that a permanent thermal lensing occurred in the Eu3+ sample 
when it was excited resonantly which is consistent with the results of the perma-
nent LIG results. The off-resonance thermal lensing is due to absorption from the 
network of the glass host whereas resonant thermal lensing is produced through 
heat generated from the radiationless relaxation of the rare earth ions. The differ-
ence in mechanisms for the generation of phonons between the Eu3+ and N d3+ is 
responsible for the different characteristics of the thermal lensing. 
It was also discovered that no gratings were produced when the Eu3+ ions 
was excited directly into the metastable state further establishing the importance 
of the high energy phonons to grating formation. The importance of the rare earth 
ion concentration was demonstrated in samples which had different concentrations. 
Samples with higher concentrations of Eu3+ ions were found to produce stronger 
LIG signals than identical samples with lower concentrations. 
Several glass hosts, all doped with Eu3+, were investigated and it was 
found that phosphate, silicate, and borate formed permanent LIGs while fluoride 
and germanate glass hosts did not produce permanent LI Gs. It was discovered that 
in fluoride glasses the Eu3+ ion relaxes radiatively from the highest lying excited 
states bypassing any nonradiative relaxation. Thus in these glasses no phonons 
are available for the creation of the permanent LIG. 
The Raman and resonant Raman spectra were taken of several glasses. 
Those glasses which displayed permanent LIG signals were found to exhibit en-
hanced peaks at high frequency in the resonant Raman experiments indicating the 
necessity of these modes to permanent LIG formation and their strong coupling 
to the Eu3+ ion. Glasses which do not form permanent LIGs did not display these 
high energy vibrational modes. 
The mass of the network modifier alkali-metal ion was found to have a 
direct affect on the permanent LIG formation. Lighter alkali-metal ions produce 
more efficient LIGs compared to heavier alkali-metal ions. This was explained 
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in terms of a two-level system model in which the ion can reside in two possible 
equilibrium configurations. This leads to a double minima potential well for the 
energy levels of the Eu3+ ion. It was found that this model does an excellent job 
of describing the permanent LIG signal characteristics and predicting activation 
energies for the glasses. 
Chapter III exhibits potential applications of the glasses in optical devices. 
Applications to information storage and medical imaging are discussed along with 
using the permanent LIG to form a tunable, frequency selective filter. The final 
application involves using the permanent LIG to perform beam-to-beam coupling 
of information. 
Future Work 
Although the model proposed here does a good job of describing the per-
manent LIG characteristics there is still very little known about the microscopic 
structure of the two different configurations. Thought needs to be given as to how 
to extract this information. This is no easy task and may require the creation of 
new experimental techniques. 
In the near future however, investigations need to be performed to better 
determine the role played by thermal lensing. Even though a very small amount of 
thermal lensing was seen in the Eu3+ sample, the Pr3+ and Er3+ samples exhibited 
much stronger thermal lensing. Experiments need to be performed to determine 
when thermal lensing becomes the dominate effect and how this is related to the 
phonon energy. Experiments should be performed to investigate the difference in 
the thermal lensing spatial profile between the silicate and phosphate glasses. This 
should also give interesting information about the different structures of these two 
materials. 
A second investigation needs to be conducted using the Er3+ sample. It 
may be possible to excite this ion into a lower lying level which relaxes with the 
emission of high energy phonons. If this is the case it should be possible to form 
the permanent LIG. 
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Finally, one should constantly be on the lookout for new and exciting 
applications for permanent LIGs in these glasses. The applications described pre-
viously have aroused a considerable amount of interest and excitement outside the 
academic world. The best way to maintain this excitement and involve others is 
through device applications. This aspect is also important in obtaining funding 
through companies with a direct interest in the device but not necessarily in the 
basic science behind the permanent LIGs. 
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APPENDIX 
The two-level-system theory proposes that an atom or group of atoms in 
the solid can arrange themselves into two possible equilibrium configurations. This 
will lead to a potential of the form shown in Fig. 27. Each well will be of the form 
of a simple harmonic oscillator. The energy levels of the particle are calculated by 
using as the starting point the solutions to the single well problem, this is known as 
the well, non-diagonal or localized representation. In this localized representation 
we will take Ii, 1 > and I j, 2 > as the basis states of the Hamiltonians H1 and H2 
with eigenvalues E1 and E2 respectively: 
H1 I i, 1 >= E~ Ii, 1 > (67) 
(68) 
The states of a well are all orthogonal to each other and normalized, however the 
sta~es of well 1 are not orthogonal to the states of well 2. In seeking a solution 
for the combined wells it is assumed that any higher lying levels are far enough 
removed so as not to enter into the mixing of the states, thus the i,j notation will 
. be dropped and each state is the ground state of the appropriate potential V 1 or 
V 2· The Hamiltonian for the asymmetric double well is 
fi2 
H - -.--\72 + Vi + Vi 
2m 




where H1 and H2 are the individual well Hamiltonians. In this representation the 
Hamiltonian becomes 
.






The diagonal elements of the matrix can be expressed more explicitly as 
so that 
< 1 I H I 1 > - E1 + < 1 I v - Vi I 1 > 
< 2 I H I 2 > - E2+ < 2 I v - V2 I 2 > 
H =< ijHjj > 
~(E1+<IIV-Vill> <IIHl2> ) H- . 






If the extension of each localized wavefunction into the barrier is small, the terms 
< ilV - Viii> will be small compared to Ei the ground state energy of well i. This 
leaves the following expression for the Hamiltonian 
(77) 
Since the wavefunctions are harmonic oscillator wavefunctions and the Hamiltonian 
is real H12 = H21 
To find the eigenvalues of a 2x2 matrix is extremely simple and usually 
it is also easy to find the normalized eigenvectors. Sometimes however, this can 
be extremely complicated as in this case. In order to simplify the process the 
following procedure was utilized. Using the half-sum and half-difference of the 
diagonal elements E1 and E2, H can be expressed as 
(78) 
From this it is seen that the operator H itself can be broken down as follows 
(79) 
where 
K=( 1 (80) 
It can be seen from Eq. 79 that H and K have the same eigenvectors 
with eigenvalues for H 
HIW± > - E±IW± 
KIW± > - K±IW± 
To solve for the eigenvectors of H let 




K = ( 1 tan 20 .) . 
tan2E> -1 




Using Eqs. 84 and 86 it is found that 
1 _ J(E1 - E2)2 + 4Hr2 
cos20 - E1 - E2 










To calculate the eigenvectors of H let a and b be the components of I W + > on I 1 > 
and 12 >. Thus 
( 1 tan 20 ) ( a ) 1 ( a ) 
tan2E> -1 b - cos2E> b . 
(89) 
Solving for bin terms of a gives b = atan E>. Next, normalize the components by 
requiring that w•w = 1. This gives a= cos E> and b = sin E>. 
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Using a similar procedure for 1'11- > the components are found to be a= 
sin 8 and b = - cos 0. The new wavevectors are given by 
'11+ - cos 811 >+sin 812 > 
\II_ - sin8ll > -cos812 >. 
(90) 
(91) 
Notice if we take the zero of energy to be halfway between E1 and E2 then the 
eigenfunctions \ll _ and '11 + have energies in the true, diagonal or energy represen-
tation of ±E/2 where 
and' 




The exact form of Ao has been evaluated for specific potentials [48). The results 
imply an exponential dependence of Ao on the barrier height and well separation. 
The use of a particular detailed form cannot be justified in amorphous solids be-
cause the microscopic structure is uncertain, thus a simplified expression is usually 
adequate 
A-o 1iwo exp(--\) 
- 1iwo exp [-d(2m V0 /1i 2 )) 
(95) 
(96) 
where 1iw0 is approximately equal to (E1 + E2) /2, d is the well separation, V 0 the 
barrier between the two wells, and mis the particle mass. 
For this problem as with any problem involving two energy levels there 
exists a formal analogy to the spin 1 /2 particle in a magnetic field. Introducing 
the Pauli spin matrices 
u. = ( ~ ~ ) 






the Hamiltonian in the diagonal representation can be written as 
(100) 
The advantage to using this form becomes obvious when interactions with electric 
and acoustic fields are discussed later. 
The time dependence of the tunneling state is defined by specifying the 
complex amplitudes a+ ( t) and a_ ( t) of the two lowest states with eigenfunctions 
W +( f') and w _( T). At the low temperatures considered here higher lying states can 
be neglected. The general time-dependent wavefunction is 
. (-iE+t) (-iE t) <I>= a+(t)W+(T)exp n + a_(t)w_(T)exp n - (101) 
where E+ and E_ are the energies of the states W + and \lf _ and for normalization 
purposes a+a+ + a_a: = 1. 
Variations of a+(t) and a_(t) occur through the time dependent Schro-
dinger equation by interaction with external fields. Two simplifications can be 
made in treating electromagnetic and strain fields. First, the frequency needed 
to induce transitions between the two levels is of the order of 20 GHz for states 
contributing to thermal properties below lK. This corresponds to wavelengths 
of 10 mm for photons and 100 nm for acoustic phonons, both much larger than 
the spatial extent of the two-level state. Thus the dipole approximation, where 
the local electric and strain fields are treated as constants, is valid. The second 
simplification arises from the fact that the dominant effect of these uniform fields 
affects the asymmetry but changes in the barrier height can be ignored [49, 38). 
Therefore the perturbation in the localized representation will be diagonal. Taking 
as an example the perturbation arising from the strain field which is given by [50] 
(102) 
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where I is the deformation-potential tensor given by (1/2)(8D../ 8e) and e is the 
local strain tensor. To simplify e and I have been written as averages over orien-
tations. Equation 102 is written in terms of the same localized basis used in Eq. 
77. To change to the diagonal basis use the transformation matrix derived from 
Eqs. 90 and 91, 
_ ( cos E> sin E> ) T- . 
sin E> - cos E> 
So the strain field perturbation in the diagonal basis becomes 
( 
cos2 E> - sin2 E> 
Hs = -e1 
2 cos e sin E> 
2 cos E> sin E> ) 
sin 2 E> - cos2 E> 




Hs = -e/ 
sin 2E> 





V(E1 - E2)2 + 4H[2 
Di.. 
-



























The same procedure can be used for the perturbation due to an electromagnetic 
field which is [51] 
... ( 1 n; =-po· F 0 (115) 
where p0 is the electric dipole moment when one well is occupied and is defined as 
(1/2)(8tl/ 8F) and F is the electric field. This leads to 
( a ~) ... E E He = -po · F A A • 
~ --E E 
(116) 
Taking advantage of the Pauli spin matrices the interaction Hamiltonian can then 
be expressed as 
(117) 
The off-diagonal term O'x is responsible for transitions between w + and w _ whereas 
the diagonal term O' z changes there relative energy. 
In many cases a simpler model is effective which is known as the two-
level system model in which the interaction between the diagonal and off-diagonal 
elements is ignored. The TLS model uses a single parameter E to describe the 
energy difference between the two levels. The interaction Hamiltonian becomes 
(118) 
The interaction between the tunneling states of the TLS and the phonons 
or photons can be expressed using a rate-equation approach [52] 
P- - P+W+- - P-W-+ 
(119) 
(120) 
where P+ and P- are the populations of states+ and -, P+ and P- are the change 
in population per unit time, w+- is the transition probability from state + to 
state -. The population is assumed normalized so that P+ + P- = 1. In thermal 
equilibrium 




where pi and p~ are the equilibrium values of P+ and P-· From statistical me-
chanics the ratio of the populations is given by the Boltzmann factor 
po ( E) ci =exp kT 
P-
(123) 
where E is the energy difference between states + and -. Using Eq. 122 this can 
be expressed alternatively as 
pi W+--po_ w_+ 
- exp(~:). 
Replacing P+ in Eq. 120 with 1 - P- gives 
P- - (1 - p_ )w+- - p_w_+ 
P- - -p_(w+- + W-+) + w+-· 
This defines a relaxation time T where 
r-1 - (w+- + w_+) 
- w_+ (1 +exp(!)]. 







For a weak strain field the transition probability for a one-phonon process 
can be calculated from time-dependent perturbation theory. The probability per 
unit time that the TLS in state \lf _ absorbs a phonon and jumps to state W + is 
given by [53] 
W-+ = 2; LI < W 1IHintlWi > j2g(E)8(1iw - E) 
er 
(130) 
where the sum over a is to account for all phonon polarizations and g(E) is the 
phonon density of states. From Eq. 117 it is seen that in order to calculate the 
matrix element the local strain e needs to be evaluated. 
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The local strain is defined by the strain tensor eaf3 
(131) 
where u is the displacement of any point from its equilibrium and a, /3 = 1, 2, 3. 
This strain is a result of the distortion of the lattice which is caused by thermal 
vibrations. In Eq. 102 e was considered as an average over orientations thus it 
simplifies to 
OU 
e = ox lx=O. (132) 
The displacement u is given by (54] 
(133) 
where p is the density of the sample, bq and b~ are the annihilation and creation 
operators for the qth vibrational oscillator respectively. e is found to be 
(134) 
For the absorption of a phonon the matrix element in Eq. 117 becomes 
Note that the Uz terms vanish since they connect identical states which does not 
allow for the absorption or emission of a phonon. In order to evaluate the affect of 
the phonon annihilation and creation operators on the wavefunctions express '11 + 
and '11 _ in terms of the TLS and the phonon field as 
1'111> - l'11+>ln1>ln2> ... lnq-l> ... 
I'll;> - I'll- > ln1 > ln2 > ... lnq > .. · 





so that the matrix element becomes 
l 
< '11 JIHintl'11i > = -i6.Eo < '11+1 <nil· .. /a L (-n-) 2 qbq ... ln1 > l'11~1:S9) 
q 2pwq 
- -i~')'. (2~y qy'R, (140) 
where nq is the Bose factor [exp(E/kT) - 1]-1 • The absolute square of Eq. 139 is 
what is needed for Eq. 130 which is 
The transition probability is then 
27r "" 6.~ 2 nq;nq ( ) ( ) W-+ = T Li E21a-2--g Eb nw- E. 
a pwq 




and the Debye density of states per unit volume 
Eq. 142 becomes 
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